This paper presents the results of a study on the vegetation of the thermally active postmining heap "Ruda" in Zabrze (Poland). The aims of the study were: (i) to show the differentiation of the vegetation that has developed as a result of the thermal activity, and (ii) to determine the effect of thermal activity of the spoil heap on species richness and species diversity of the vegetation. Twelve plant communities were recorded on the heap. Thermal activity has a statistically significant impact on species richness (Z = 2.13, p = 0.03) and species diversity (Z = 2.29, p = 0.02). The species composition of plant communities reflects the habitat conditions, which are conditioned by thermal activity. As the distance from a zone with increased thermal activity increases, the degree of the spontaneous succession of vegetation and the complexity of the vegetation increase. Moreover, the share of annual species and kenophytes decreases in favor of perennial plants and apophytes. The number of plant communities (from four to eight), their species richness (number of species from 15 to 22) and species diversity (Shannon-Wiener diversity index from 1.81 to 2.19) also increase. A DCA analysis showed an increase in the shading, humidity and pH of the substrate, and the thickness of the dead organic matter within the gradient of the thermal activity.
Introduction
The intensive exploitation of hard coal since the eighteenth century has contributed to a strong transformation of the natural environment of the Upper Silesian Industrial Region in southwestern Poland [1] . It is estimated that approximately 400 kg of waste is created for each tonne of raw material that is extracted [2] . Until the end of the twentieth century, a significant part of this waste was deposited in the over-level dumps [3] . The high content of skeletal parts in the stored material can hinder the development of the spontaneous plant cover of postmining heaps. This facilitates aeration and may cause the oxidation of any combustible components that are contained in the waste (carbonaceous matter and pyrite) and, consequently, can lead to a self-heating and self-combustion of the fuel. The thermally active areas of heaps are usually devoid of plant cover [2, 4] .
The aims of this research were: (i) to show the differentiation of the vegetation that is occurring in the carboniferous gauge and that has developed as a result of the thermal activity, in the context of reclamation, and (ii) to determine the effect of the thermal activity of the spoil heap on the diversity of the vegetation.
Material and methods

Site description
The investigated dump, "Ruda", is located in Zabrze in the Upper Silesian Industrial Region of southwestern Poland on the Silesian Upland between 50°18'56" latitude and 18°49'31" longitude [5] (Fig. 1) .
Between 1960-1997, 1.7 million tons of waste was deposited on the heap over an area of approximately 27 ha. A biological reclamation was carried out in 1989 which involved sowing grasses and legumes and also planting trees and shrubs (including Acer sp., Betula pendula, Pinus sylvestris, Salix spp.). Additionally, heathland was created in the northwest part of the heap. This part of the dumping ground was thermally active and the area of the fire zone is constantly growing. Extinguishing works were carried out in 2006-2011 but they were ineffective and expensive. Some other activities were undertaken in the second half of 2017 in the thermally active area of the heap. They involved the removal of vegetation and the selection of incoming material. The reclaimed area was then covered with loamy and sandy soils [6] .
Assessment of thermal activity
The substrate temperature was measured by noncontact infrared thermometry at depths of 0-10 cm in three repetitions in order to determine the thermal activity of the spoil heap. The state of the thermal processes on the heap was then evaluated using a methodology based on that prepared by Korski [7] and Wasilewski and Korski [8] , and the approximate temperatures inside the heap were estimated.
Vegetation sampling
During the growing seasons of 2015-2017, 83 phytosociological relevés with a 25 to 100 m 2 surface area were made according to the Braun-Blanquet method [9] . The surface area for this phytosociological research was decided for the given type of plant community according to the guidelines adopted in the guide for phytosociological research [10] . On the other hand, within the given type of a community the area of the relevé was always the same. For each relevé, the cover and height (cm) of the tree, shrub, and herb layers as well as the thickness of the dead organic matter were determined. The cover of the each layer was estimated as a percentage, whereas the height of the layer was determined using a measuring tape. In order to measure tree height a laser rangefinder was used. The thickness of the dead organic matter (cm) was calculated on the basis of the mean of five measurements made within each relevé [11] .Additionally, the coordinates (latitude and longitude), slope, and inclination of the heap were determined using a GPS. The plant nomenclature follows the checklist given in Mirek et al. [12] .
Data analysis
Before further analyses, the Braun-Blanquet scale used for vegetation sampling was transformed to percentage values according to the scale: r -1%, + -2%, 1 -3%, 2 -13%, 3 -38%, 4 -68%, 5 -88% [13] .
In order to assess the affinity of a particular species to a given vegetation unit, the fidelity concept was applied [14] . As a measure of fidelity, the phi coefficient of association (φ) was used and all values were multiplied by 100. Species with a phi ≥ 25 and with p ≤ 0.05 based on the Fischer test were considered to be diagnostic species [13, 15] . Moreover, species with a percentage cover ≥50% in at least in 25% of the relevés in a given type of community were considered to be the dominant species [15] . The species richness and Shannon-Wiener diversity index (H') were calculated using JUICE 7.0 software for the vegetation types that were distinguished [13] .
Detrended correspondence analysis (DCA) was used to detect the main gradients that are responsible for the differentiation of the vegetation that occurs on the coal mine spoil heap. The mean Ellenberg indicator values (light, moisture, soil reaction, nutrients) that were calculated for the individual relevés and the temperature of the substrate, as well as the thickness of dead organic matter, were used as supplementary data in the DCA in order to interpret the ecological differences between the vegetation communities [16] . All of these analyses were performed in the CANOCO 5 package [17, 18] .
In order to determine the differences between the thermal activity zones that were distinguished in relation to species richness and diversity, the nonparametric Mann-Whitney U test was used with STATISTICA 13.1 software [19] .
Results
Thermal activity zones
Based upon the assessment of the development of thermal processes on the heap, three zones were distinguished that were differentiated in terms of the thermal activity ( Fig. 1 , Tab. 1): ■ A thermally inactive zone (I) which has an average substrate temperature of 25.4°C, and no signs of the development of an endogenic fire. ■ A zone with increased thermal activity (II) which occurs on northwestern slopes of the coal mine spoil heap. The average temperature of the ground is 33.6°C. The "sweating of the material" has a characteristic sweetish smell of ethane and a slightly tarry odor and indicates that the oxidation of combustible components contained in the deposited waste is specific for this zone. The approximate temperature in the interior of the dump is 80-130°C. ■ A thermally active zone (III) located on the northwestern slopes of the coal mine spoil heap. The average temperature of the substrate exceeds 60°C. Light-grey smoke and a noticeable tarry odor indicate a significant advancement of the thermal phenomena in this part of the dump and the possibility of spontaneous combustion of stored material. The approximate temperature inside the heap is around 300-370°C. This zone is devoid of vegetation due to extreme habitat conditions.
For further research, we took into account only the thermally inactive zone and a zone with increased thermal activity as the thermally active zone was devoid of vegetation.
Classification of vegetation
The classification of the vegetation based only on floristic criteria enabled 12 vegetation units to be distinguished. They contained from 3 to 13 relevés and from 28 to 95 vascular species occur in their floristic composition (Tab. 2). The characteristics of plant communities that were distinguished are given below: ■ Medicago lupulina-Festuca pratensis (Ml-Fp) community: a meadow-like community;
average height of the herb layer is 46 cm, the cover of vegetation reaches 54%. The diagnostic species are Medicago lupulina, Festuca pratensis, Arrhenatherum elatius, and Cirsium oleraceum. The mean thickness of the layer of dead organic matter is 1.9 cm. Medium-sized patches (60 m 2 ) of the community were recorded in the nonthermally active zone in sites that are generally open on southern slopes, which are inclined at an angle of 15-30°. ■ Melilotus alba-Achillea millefolium (Ma-Am) community: a ruderal community, average height of the herb layer is 125 cm and cover was 62%. The diagnostic species is Achillea millefolium and Melilotus alba is the dominant species. The mean thickness of the layer of dead leaves is 1.0 cm. Large patches (200 m 2 ) of this phytocoenose occur in a thermally inactive zone in sunny places on the top of the coal mine heap. ■ Tussilago farfara (Tf) community: the initial community is dominated by the ruderal species Tussilago farfara; the average height of the herb layer is 20 cm and cover is 39% and the mean thickness of dead organic matter is 0.9 cm. Melilotus alba occurs in a higher abundance in some patches of the community. Small in surface patches (50 m 2 ) of the community have developed in a thermally inactive zone on sites with strong insolation on the steep southern and southwestern slopes of the dump (35° 
The explanations of the abbreviations of the names of the plant communities were given in the description of vegetation. The species are arranged according to descending values of fidelity. After the species name, the layer (a -trees; b -shrubs; c -herbs) of vegetation in which a species occurs is given.
■ Briza media-Betula pendula (Bm-Bp) community: a forest-like community with a distinct three-layered structure. The dead organic matter with an average thickness of 6.8 cm is well developed. The tree layer has an average height of 14.8 m and the cover of 64%. It consists of Betula pendula, Populus tremula, and Quercus robur.
The shrub layer has a mean height of 195 cm and its cover is 17%. It is dominated by Sambucus nigra. The herb layer, which is rich in species, has a height of 63 cm and a percentage cover of about 48%. It consists of species such as Briza media, Poa nemoralis, Festuca gigantea, and seedlings of Quercus robur, Rubus idaeus, and Anthriscus sylvestris. Solidago gigantea has a high degree of cover in some patches. Large (260 m 2 ) forest-like phytocoenose develop in a zone with no thermal activity in the eastern part of the top of the heap. ■ Calamagrostis epigejos-Robinia pseudacacia (Ce-Rp) community: a community with high abundance of Calamagrostis epigejos. It forms large patches (440 m 2 ). The average height of the herb layer is 125 cm and the cover 67%. The mean thickness of the dead organic matter is 12.8 cm. This community was recorded in a thermally inactive zone in open places on the top of the heap. In some patches, Robinia pseudacacia constitutes the tree and shrub layer with mean heights of 632 cm and 245 cm, respectively. The percentage cover of the tree layer is 24% and the shrub layer 22%. ■ Trifolium arvense (Ta) community: a grassland community with a high abundance of Trifolium arvense. The average height of the herb layer is 38 cm, the percentage cover 53%, the mean thickness of the dead organic matter reaches 2.0 cm. Mediumsized patches (130 m 2 ) of the community develop in a zone with increased thermal activity on the northwestern slopes of the heap which are inclined at an angle 20-30° in places with high insolation. ■ Conyza canadensis (Cc) community: large patches (380 m 2 ) that are dominated by Conyza canadensis occur in a zone that has increased thermal activity in sunny places on the steep (15-35°) northwestern slopes of the dump. Mean height of the herb layer is 56 cm and cover was 58%. The average thickness of the layer of dead leaves is 2.1 cm. ■ Solidago gigantea (Sg) community: an aggregative community with a dominance of Solidago gigantea. The average height of the herb layer is 109 cm and its percentage cover 65%. The dead organic matter has a thickness of 7.0 cm. Patches that occupy large areas (220 m 2 ) develop in a zone with increased thermal activity on the steep northwestern slopes of the heap (20-30°) on highly insolated sites. ■ Calluna vulgaris-Spiraea salicifolia (Cv-Ss) community: small patches (60 m 2 ) were created during reclamation works in a zone that have increased thermal activity in slightly shaded places on the northwestern slopes with a slope 5-40°. The shrub layer is 116 cm in height and the cover of 35% mainly consists of Spiraea salicifolia and sometimes also Salix purpurea. The herb layer reaches an average height of 34 cm and the percentage of cover 40%. It mainly consists of Calluna vulgaris and Lamium album. The mean thickness of the dead organic matter is 2.6 cm. This community was completely burned out in 2017 due to an intensification of the thermal activity in this part of the heap.
Ordination of plant communities
The DCA analysis shows two long gradients along the first (4.80 SD units) and second (3.22 SD units) DCA axes. Axis 1 and Axis 2 explain 7.47% and 4.51% of variation, respectively. The eigenvalues of the first and second DCA axes are 0.54 and 0.33, respectively. The first DCA axis is negatively correlated with light, positively correlated with moisture and weakly correlated with productivity. In contrast, the second DCA axis is negatively correlated with the temperature of the substrate and positively correlated with the soil reaction (Tab. 3).
The herb communities mainly occur on the left side of the diagram: the meadow-like community (Medicago lupulina-Poa pratensis), the ruderal community (Melilotus alba-Achillea millefolium, Tussilago farfara, Poa annua-Polygonum aviculare), as well as the reed community (Phragmites australis). They are found in open places, drier sites, and sites that are poorer in nutrients. Some of the ruderal phytocoenoses mentioned such as Melilotus alba-Achillea millefolium, Tussilago farfara, and Poa annua-Polygonum aviculare are also confined to alkaline soil conditions. The forest-like communities (Briza media-Betula pendula) is represented on the right side of the DCA dendrogram. The species that occur in their floristic composition are confined to sites that are shaded, wetter and richer in nutrients. A thick layer of dead organic matter was also recorded. The second DCA axis is connected with the gradient of the thermal activity. In the lower part of the DCA diagram plant communities with a floristic composition of species that are confined to open sites and a dry and acid substrate (Conyza canadensis, Calluna vulgaris-Spiraea salicifolia, Solidago gigantea, Trifolium arvense). The Calamagrostis epigejos-Robinia pseudacacia community and willow thickets (Salix caprea-S. purpurea), which occur on shaded sites on wet and alkaline soils are concentrated in the middle and top of the DCA ordination diagram. They also have a thick layer of dead organic matter (Fig. 2) .
Effect of thermal activity on the species richness and species diversity of plant communities
A statistically significant effect of the thermal activity on species richness (Z = 2.13, p = 0.03) and species diversity (Z = 2.29, p = 0.02) of the plant communities of the dumping ground was found (Fig. 3) .
The plant communities that were recorded in the thermally inactive zone are generally richer in species (No. = 22.03) and are more diverse (H' = 2.19) than those that are located in places with higher temperature (No. = 15.24, H' = 1.81). Some exceptions Tab. 3 Kendall's rank correlation coefficients (Tau) between the selected ecological indicator values and the DCA Axes I and II.
Indicators
Axis I Axis II 
Discussion
An unprecedented occurrence of a mosaic of sometimes extreme habitats can be observed on postmining heaps [2, 20] . Many abiotic and biotic factors are responsible for development, as well as further differentiation of vegetation. One of them is thermal activity that has influence on both physical and chemical properties of the substrate [1, 2, 21] .
Endogenous thermal activity was observed on the steep (15-40°) northwestern slopes of the spoil heap. The average temperature of the substrate was 60.2°C and the Tab. 4 Comparison of the zones that had different levels of thermal activity on the postmining "Ruda" heap in relation to species richness and species diversity. temperature inside it reached 300-370°C [7, 8] . The thermally active zone is devoid of any permanent plant cover. Moreover, the Calluna vulgaris-Spiraea salicifolia community which was created during reclamation work has disappeared completely due to the increase of the area that was impacted by fire. Extremely high temperatures can cause a significant acidification and increased salinity of the substrate, as well as the burning of plant roots and the disappearance of any seed banks in the soil [22, 23] . The gases emanating from a fire also contain a number of substances that can be toxic to plants (including CO 2 , CO, CH 4 , NO 2 , SO 2 , H 2 S, HF, NH 3 , HCl, aromatic hydrocarbons, Hg, As, Pb, Se) [21] . The vegetation of the study area is formed along the gradient of the thermal activity of the substrate. At distances further away from the sites with increased thermal activity from the northwestern slopes of the heap towards the east, an increase in the development of spontaneous vegetation succession was observed. The number of plant communities (from four to eight), as well as species richness (number of species from 15 to 22) and species diversity (H' from 1.81 to 2.19) both increase. Native, perennial species begin to dominate in the species composition of the vegetation. The soil reaction and moisture as well as the amount of dead organic matter also increase. The structure of plant communities becomes more complex moving from one-two layered to three layered. Increases in the shading of the substrate enable the development of shade-loving forest species [1, 2, 22, 24] .
Zones of thermal activity
The zone that has an increased thermal activity is in the immediate vicinity of the thermally active parts of the coal mine heap. The vegetation that occurs here is characterized by both a low species richness (No. = 15.24) and a low species diversity (H' = 1.81). Large (380 m 2 ) and medium-sized (130 m 2 ) pioneer communities of therophytes (Conyza canadensis, Trifolium arvense), which produce a large number of seeds and begin to flower relatively early during the vegetative season have developed in sunny places on the dry and acidic substrate. Aggregations of Solidago gigantea, which produce strong underground stolons and are characterized by a wide range of ecological tolerance, are also found here occupying a large area (220 m 2 ) [6, 23] . Rostański [1] , Woźniak [2] , and Banaszek et al. [20] also found such aggregations of S. gigantea on other coal mine heaps in the Upper Silesia Industrial Region (southwestern Poland). The dominance of invasive kenophytes (C. canadensis, S. gigantea) is typical of initial habitats that have an unstable plant cover [22, 24] . An increased temperature >30°C causes disturbances in the functioning of the root systems of plants and changes in the height of plants (38-109 cm) as well as necrosis and drying of leaves [21, 22] .
A thermally inactive zone with an average ground temperature of 25.4°C covers the top, the southern, and southwestern slopes of the spoil heap. The vegetation developing here is characterized by a dominance of native species, a higher species richness (No. = 22.03) and species diversity (H' = 2.19) [1, 2, 22] . In open and highly sunny places on drier and alkaline substrates, the initial stage of the development of the spontaneous plant cover is represented by Tussilago farfara patches and communities of Poa annua and Polygonum aviculare on trampled sites. Communities of the intermediate stage of succession, such as meadow-like stands with Medicago lupulina and Festuca pratensis, ruderal communities with M. alba and Achillea millefolium, and reeds with Phragmites australis that tolerate drought, were also recorded on these sites [1, 2, 22, 25, 26] . In the intermediate stage of plant succession, the plant-forming activities of the expansive, clonal and tall grass (125 cm) Calamagrostis epigejos is important. This species forms compact and large area patches (440 m 2 ) in open and slightly shaded places on wet and alkaline substrates on the top of the heap. The decomposition of the thick layer of its fallen leaves (12.8 cm) improves the edaphic properties of the soil substrate, which enables the further development of the plant cover and the encroachment of more specialized species, such as Salix caprea and S. purpurea [1, 20, [25] [26] [27] [28] . On wet and alkaline substrates in the eastern part of the top of dumping grounds, a forest-like community with a distinct three-layer structure has developed. A compact (64%) stand has been built by Betula pendula, Populus tremula, and Quercus robur. The increase in the shading, moisture, and fertility of the substrate allows the development of the vegetation of the undergrowth, which is mainly built by forest species, such as Poa nemoralis or Festuca gigantea [1, 2, 20, 24, 26] .
Our study showed a statistically significant effect of thermal activity on species richness (Z = 2.13, p = 0.03) and species diversity (Z = 2.29, p = 0.02), as well as on the differentiation of the vegetation of the postmining heap "Ruda" in Zabrze. Similar results were obtained by Rostański [1] , Woźniak [2] , Banaszek et al. [20] , and Ciesielczuk et al. [22] during studies on flora and vegetation of other coal mine spoil heap of Upper Silesia (southwestern Poland).
